Mutations in copper,zinc-superoxide dismutase (SOD) have been implicated in familial amyotrophic lateral sclerosis (FALS). We have investigated the breakdown of S-nitrosothiols by wild-type (WT) SOD and two common FALS mutants, alanine-4 valine (A4V) SOD and glycine-37 arginine (G37R) SOD. In the presence of glutathione, A4V SOD and G37R SOD catalyzed S-nitrosoglutathione breakdown three times more efficiently than WT SOD. Indeed, A4V SOD catabolized GSNO more efficiently than WT SOD throughout the physiological range of GSH concentrations. Moreover, a variety of additional S-nitrosothiols were catabolized more readily by A4V SOD than by WT SOD. Initial rate data for fully reduced WT SOD and A4V SOD, and data using ascorbic acid as the reductant, suggest that FALS mutations in SOD may influence the efficiency of reduction of the copper center by glutathione. We have identified a potentially toxic gain of function of two common FALS mutations that may contribute to neurodegeneration in FALS.
Amyotrophic lateral sclerosis (ALS)
1 is a fatal disorder characterized by the degradation of motor neurons in the cerebral cortex, brain stem, and spinal cord (1) . The average age of onset is 55 years with complete paralysis and death resulting two to five years after the appearance of symptoms (2) . Although the cause of ALS remains unknown, recent breakthroughs have linked ϳ20% of familial ALS (FALS) cases to any one of more that 90 different autosomal dominant mutations in sod1, the gene encoding copper,zinc-superoxide dismutase (SOD) (3) .
Since this discovery, considerable effort has gone into determining the underlying mechanisms of motor neuron damage caused by ALS mutant SOD. In 1994, Gurney and co-workers (4) found that mice expressing both FALS mutant SOD and their own SOD developed ALS symptoms, suggesting that FALS mutant SODs cause motor neuron damage by a toxic gain of function. Proposals for this gain of function include aberrant oxidative reactions (5, 6) , tyrosine nitration (7) (8) (9) (10) (11) , and polymerization of mutant SODs (12, 13) . Recently, Jourd'heuil and co-workers (14) demonstrated that wild-type bovine CuZn-SOD catalyzes the decomposition of S-nitrosoglutathione (GSNO) and other low molecular weight S-nitrosothiols in the presence of a reductant such as reduced glutathione (GSH). It is therefore possible that a fourth gain of function of mutant SOD involves increased S-nitrosothiol breakdown.
S-Nitrosothiols exhibit a wide range of physiological functions. These include immune functions (15) , inhibition of oxidant response enzymes (16 -23) , modulation of ion channel conductivity (24 -27) , and antimicrobial effects (17, 29, 30) . Additionally, S-nitrosothiols have been proposed to have a role in bronchodilation (31) (32) (33) and vasodilation (34 -38) .
Under certain conditions (24) , low molecular weight S-nitrosothiols have also been shown to be neuroprotective (39, 40) . Indeed, GSNO appears to be concentrated in the central nervous system on the order of 6 -8 M (41). One potential mechanism of neuroprotection by S-nitrosothiols involves S-nitrosylation of free thiol(s) at the redox modulatory site of the Nmethyl-D-asparatate receptor by S-nitroso-L-cysteine (24) . Additionally, recent advances have implicated S-nitrosylation of the active-site cysteine of caspases 1, 3, and 8 in the inhibition of apoptosis (42) (43) (44) (45) (46) (47) (48) (49) (50) . Because the activation of caspases 1 and 3 by denitrosylation has been linked to familial ALS in mouse models (51) , it is possible that inhibition of the caspase cascade by S-nitrosylation may protect motor neurons from apoptosis. In fact, many of the biological actions of nitric oxide (NO) may be mediated through S-transnitrosation reactions in which low molecular weight S-nitrosothiols transfer NO to other low molecular weight thiols or to protein-bound free thiols (45) . It is possible that a sufficient level of low molecular weight S-nitrosothiols may be required to maintain an adequate state of S-nitrosylation of proteins involved in apoptosis. Therefore, we are interested in pathways of S-nitrosothiol degradation that may be associated with neurodegenerative conditions. Recent evidence has suggested that a number of mutations associated with FALS may increase the openness of the active site channel, improving access to the copper active site by larger molecules (5) . We hypothesized that GSNO breakdown would be accelerated by these mutations, inhibiting its protective effect. Here, we show that A4V SOD and G37R SOD catalyze the breakdown of GSNO with greater efficiency than WT SOD under physiological conditions. Our data also suggest that this increased decomposition is influenced by reduction of the copper active site as well as by access of the S-nitrosothiol to the active site. This study identifies an additional, potentially toxic, gain of function of human A4V SOD and suggests that S-nitrosothiol depletion may contribute to motor neuron death in FALS.
EXPERIMENTAL PROCEDURES
Chemicals-All chemicals used were of the highest grade and purity available. Sodium nitrite, glutathione, ascorbic acid, cysteine, and cysteinyl glycine were purchased from Aldrich (Milwaukee, WI). All other chemicals were purchased from Sigma. Phosphate-buffered saline (PBS) was treated with Chelex-100 resin (Bio-Rad) prior to use to remove trace metals.
SOD Expression, Purification, and Characterization-SOD was expressed and purified from yeast cells as reported previously (5) . The culture medium was supplemented with 2.5 mM CuSO 4 and 0.5 mM ZnSO 4 . Plasmids for human WT SOD and human A4V SOD, EG-118 yeast transformed to express G37R SOD and non-transformed EG-118 yeast were the kind gifts of J. S. Valentine, Department of Chemistry and Biochemistry, University of California, Los Angeles (5). The purity and identity of the isolated protein was assayed by gel electrophoresis with silver staining and Western blot. All enzymes were dialyzed against Chelex-treated PBS prior to use. The copper and zinc content of all enzymes were determined by atomic absorption spectroscopy and 4-pyridylazaresorcinol assay (52) . The zinc content of both mutants was equal to that of WT SOD, while of copper content of both mutants was slightly less than WT SOD. A nondenaturing 4-pyridylazaresorcinol assay was conducted on all enzymes to confirm the absence of adventitiously bound copper and zinc (52) . Crow and co-workers (52) have established that A4V SOD has a 30-fold less binding affinity for zinc compared with WT SOD. However, it is worth noting that, to facilitate the determination of the binding constants, they incubated WT SOD and A4V SOD, expressed in Escherichia coli, at 37°C in the presence of 2 M urea to accelerate the metal loss. This led to a half-life of zinc release by A4V SOD of 13.5 h. In the absence of a denaturant, it took more than 2 weeks to establish a zinc loss equilibrium between bovine CuZn-SOD and 2-pyridinecarboxylate at pH 6.25 (52) . Throughout the course of our preparations of WT SOD, A4V SOD, and G37R SOD, the temperature was maintained at 0 -4°C and the pH was maintained at 7.0. The entire procedure was completed within a week, and the samples were stored at Ϫ80°C. This likely kept metal loss from WT SOD and both mutant SODs to a minimum, as reflected in the similar metallations of the enzymes. The identities of WT SOD, A4V SOD, and G37R SOD were confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry (W. M. Keck Biological Mass Spectrometry Center, University of Virginia) by comparison of the measured mass to the corresponding theoretical mass. For all enzymes tested, the observed mass fell within 4 atomic mass units of the predicted mass, and the difference in mass between WT SOD and each mutant agreed with the corresponding mutation. We isolated 15-70 mg of pure protein from each 10-liter culture.
Synthesis of S-Nitrosothiols-Commercially available GSNO and S-nitroso-N-acetyl-D,L-penicillamine (Toronto Research Chemicals, North York, Ontario) was used. S-Nitroso-bovine serum albumin (SNO-BSA), S-nitroso-N-acetylcysteine (NAcSNO), and S-nitroso-Lcysteine (CysNO) were synthesized according to previously published procedures (53) . SNO-BSA was passed through a G-25 (Sigma) column to remove salts prior to use. The concentrations of all prepared S-nitrosothiols were determined as previously reported (14) .
Decomposition of S-Nitrosothiols-In a typical experiment, 40-l reaction volumes of glutathione and S-nitrosothiol were incubated with 10 M SOD in 10 mM PBS at 37°C. The reductant concentration, S-nitrosothiol concentration, incubation time, and reduction time were varied. For incubations analyzed by high performance liquid chromatography-mass spectrometry (LC-MS), the reactions were quenched prior to analysis by adding 40 l of a solution containing 1 mM neocuproine, 200 M EDTA, and 20 M tryptamine (used as an internal standard) dissolved in 80% formic acid (0.2%) and 20% methanol. Incubations analyzed by chemiluminescence were injected at the appropriate time for analysis. Incubations in which the concentration of SNO-BSA was measured by Saville assay (55) sat for 30 min at 37°C prior to analysis. All S-nitrosothiols were protected from light.
S-Nitrosothiol Quantitation by LC-MS-For
LC-MS analysis, 5 l of the incubation sample was injected onto a Waters Symmetry C18 microbore column (1.0 ϫ 150 mm) coupled to a Finnigan LCQ Duo mass spectrometer (Thermoquest Corp., San Jose, CA) fitted with an electrospray ionization (ESI) source. The samples were eluted isocratically at 50 l/min using 90% formic acid (0.1%) and 10% methanol. The mass spectrometer was configured to isolate and monitor protonated tryptamine at m/z ϭ 161.0 and protonated GSNO at m/z ϭ 336.9. The peaks were integrated using the Excaliber software package (Thermoquest Corp., San Jose, CA). GSNO concentrations were determined using tryptamine as an internal standard.
S-Nitrosothiol Quantitation by Chemiluminescence-S-Nitrosothiol content was determined by reductive chemiluminescence as previously described (56) .
Statistics-All experiments were performed in triplicate. Potential outliers were either accepted or rejected using the Student's t test. Data are presented as mean Ϯ S.E. Nonlinear regression methods (57) were used for fitting models. Standard errors for the parameters in the models were computed using the covariance matrix of Zhang et al. (58) . F-tests were used for the overall comparisons of control, WT SOD, A4V SOD, and G37R SOD. Chemiluminescence measurements indicated that ϳ2 M GSNO remained after an 80-min incubation with A4V SOD, while analysis by LC-MS suggested the breakdown of all GSNO after 80 min. Given that chemiluminescence measures total S-nitrosothiol content while LC-MS measures only GSNO content, this discrepancy is likely due to the transnitrosation of NO from GSNO to free thiol sites of A4V SOD. The fact that the chemiluminescence signal disappeared upon removal of the protein from the incubation mixture further supported this notion (data not shown). Incubation with G37R SOD resulted in complete GSNO breakdown, as measured by chemiluminescence and LC-MS. The decomposition of GSNO by WT SOD and A4V SOD produced 3.5 M NO over a 35-min period, as measured by chemiluminescence (data not shown), which is in agreement with the NO production results of Jourd'heuil and co-workers (14) . To ensure that the GSNO signal detected by LC-MS arose from GSNO that was present in the incubation mixture rather than from GSNO that formed on the column by reaction with acidified nitrite and glutathione, we injected 5 l of a solution containing 5 M sodium nitrite and 500 M glutathione. The absence of a detectable signal at m/z ϭ 336.9 indicated that any GSNO detected by LC-MS analysis had been present in the incubation mixture (data not shown).
RESULTS

Decomposition of GSNO by A4V SOD, G37R SOD, and WT SOD-To
Kinetics of GSNO Breakdown by A4V SOD, G37R SOD, and WT SOD-To obtain K m and V max for A4V SOD, G37R SOD, and WT SOD, we measured the initial rates of decomposition of GSNO at different GSNO concentrations in the presence 10 M SOD and 125 M glutathione (Fig. 2, A and B) . All three enzymes obeyed Michaelis-Menten kinetics. A4V SOD and G37R SOD catalyzed GSNO breakdown about three times as efficiently as WT SOD. The kinetic parameters of WT SOD, A4V SOD, and G37R SOD are summarized in Table I . From the above studies, it is evident that both the A4V and G37R mutations enhance the catabolic activities of both enzymes.
Effect of Glutathione Concentration on GSNO Breakdown-
Given that the kinetics of GSNO breakdown of A4V SOD and G37R SOD were similar (p ϭ 0.18, Fig. 2B ), we used A4V SOD as a model system to further characterize the differences in function between ALS mutant SODs and WT SOD. We incubated GSNO in the presence of 0 to 5 mM glutathione and either A4V SOD or WT SOD for 30 min at 37°C and at pH 7.4 (Fig. 3) . The maximum GSNO decomposition by A4V SOD and WT SOD occurred between 60 and 250 M glutathione. The GSNO breakdown curves for A4V SOD and WT SOD were markedly different throughout the range of glutathione concentrations tested (p Ͻ 0.005, F 2,77 ϭ 5.9). Within the glutathione concentration range of 60 -125 M, A4V SOD broke down over twice the amount of GSNO as WT SOD after 30 min. Interestingly, maximum GSNO breakdown by A4V SOD occurred at 125 M glutathione while the maximum GSNO decomposition by WT SOD occurred within a glutathione concentration range of 250 -500 M. Decreased GSNO breakdown occurred at glutathione concentrations greater than 250 M. A similar decrease in GSNO breakdown by bovine CuZn-SOD at high glutathione concentrations was observed by Jourd'heuil and co-workers (14) . This study indicates that A4V SOD catabolizes GSNO significantly more efficiently than WT SOD throughout the physiologically relevant range of glutathione concentrations.
Decomposition of S-Nitroso Bovine Serum Albumin by 
SOD-Inorganic copper causes the breakdown of S-nitrosothiols, particularly in the presence of cysteine or glutathione (56).
To demonstrate that GSNO decomposition occurs by reaction of the S-nitrosothiol with copper embedded in the SOD subunit, we incubated 5 M SNO-BSA with 125 M glutathione and either 10 M WT SOD or 10 M A4V SOD (Fig. 4) . Only slight breakdown of the S-N bond of SNO-BSA was observed after incubation with WT SOD or A4V SOD (p ϭ 0.89), while incubation with 125 M glutathione and 5 M CuSO 4 resulted in complete SNO-BSA breakdown (p Ͻ 0.001, when CuSO 4 is compared with WT SOD, A4V SOD, and PBS incubations). Collectively, these data suggest that the observed GSNO breakdown occurs by reaction with protein-bound copper rather than free copper released from the enzyme.
Decomposition of Various S-Nitrosothiols by SOD-To compare the efficiencies of WT SOD and A4V SOD in catabolizing S-nitrosothiols of various sizes, we incubated five different
S-nitrosothiol substrates with WT SOD or A4V SOD in the presence of 125 M glutathione for 30 min (Fig. 5) . The values are represented as a percentage of the no-enzyme control for each S-nitrosothiol. With the exception of NAcSNO, the overall decomposition of S-nitrosothiols increased with decreasing size. The difference in decomposition between WT SOD and A4V SOD, given as a percentage of the control, ranged from 13 to 22% for all substrates except SNO-BSA (0%). Of note, CysNO, a critical neuroprotective molecule (24), was completely depleted in the presence of A4V SOD under physiological conditions. The above data: 1) show that the A4V mutation increases the ability of SOD to catalyze the breakdown of a variety of S-nitrosothiols and 2) imply that steric considerations and access to the catalytic site may be critical to SODmediated S-nitrosothiol catabolism.
Effect of Various Ascorbic Acid Concentrations on GSNO Breakdown-Next, we sought to investigate the role of copper reduction in catalyzing S-nitrosothiol breakdown. If the reduction step were an important factor in determining the difference in catalytic rates, then replacing glutathione with a different reductant should alter how WT SOD and A4V SOD break down GSNO. Therefore, we incubated GSNO with either WT SOD or A4V SOD in the presence of various concentrations of ascorbic acid, ranging from 0 to 20 mM (Fig. 6) . The experiment was conducted in the same manner as the glutathione concentration dependence experiment described above. The incubation samples were analyzed by chemiluminescence. Although high ascorbic acid concentrations (up to 20 mM) did not inhibit GSNO breakdown, higher concentrations of ascorbic acid than glutathione were required to catalyze the same amount of GSNO degradation. Despite the fact that a region of increased GSNO breakdown by A4V SOD over WT SOD was observed in the ascorbic acid concentration range of 0 to 500 M, the overall curves are not statistically different (p ϭ 0.11). It has been established that high concentrations of ascorbic acid react with S-nitrosothiols (59), and this is evident from the no-enzyme control in Fig. 6 . However, even when we account for this increased breakdown in the WT SOD and A4V SOD curves by subtracting GSNO broken down in the control (data not shown), we find that the catalytic ability of both enzymes are significantly altered when ascorbic acid is substituted for glutathione. Therefore, it is evident that S-nitrosothiol catabolism in the presence of SOD is dependent upon the reductant used.
Pre-reduction of WT SOD and A4V SOD-To assess the effect of reduction state of WT SOD and A4V SOD on GSNO catabolism, we pre-reduced WT SOD and A4V SOD by incubation with glutathione for various amounts of time and measured the initial rate of GSNO catabolism (Fig. 7) . The overall curves differed significantly over the entire time course (p Ͻ 0.001). The maximum difference in the initial rate occurred when SOD was not pre-reduced by glutathione. This difference approached about 0.02 M min Ϫ1 as the pre-reduction time approached 120 min. The initial rate after 120 min of prereduction reached a maximum value of ϳ0.23 M min Ϫ1 . These data imply that the initial rate of catalysis is highly dependent upon the initial oxidation state of the copper active site. DISCUSSION 
S-Nitrosylation of caspases as well as the N-methyl-D-as-
paratate receptor are thought to inhibit cellular apoptosis (24, (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) . A pathway of protein S-nitrosylation appears to involve transnitrosation from low molecular weight S-nitrosothiols to protein thiol sites (45) . S-Nitrosoglutathione is present in the central nervous system at micromolar levels (41) and, along with other low molecular weight S-nitrosothiols, is biologically active (60) . Therefore, sufficient concentrations of low molecular weight S-nitrosothiols may be important in maintaining a proper balance between neuronal survival and death.
It is striking that the GSNO-catabolic efficiency of SOD increased 3-fold with either the A4V or G37R mutation (Table  I) . If WT SOD is necessary to regulate the total amount of S-nitrosothiol present in the cellular environment, it is possible that increases in the catalytic rate of this magnitude will alter the balance of S-nitrosothiol present. Although the normal CuZn-SOD concentration in the motor neuron has not been clearly defined, the intracellular concentration of CuZn-SOD has been reported to be 10 M in yeast cells and (54) 10 -30 M in erythrocytes and hepatocytes (14) . CuZn-SOD levels are thought to be exceptionally high in motor neurons (61) . Higher enzyme concentrations may further exaggerate S-nitrosothiol breakdown by WT SOD and mutant SODs. Over time, this could have a detrimental effect on neuronal survival given the neuroprotective effects of low molecular weight S-nitrosothiols (24, 39, 40) .
The catalytic breakdown of S-nitrosothiols by A4V SOD and WT SOD may be extended to other low molecular weight Snitrosothiols as well (Fig. 5) . In general, for both WT SOD and A4V SOD, the smaller S-nitrosothiols were broken down more readily than the larger S-nitrosothiols. This is likely a substrate access issue: smaller S-nitrosothiols in general should be better able to access the copper active site than larger Snitrosothiols. The exception to this trend is NAcSNO. Although it is not clear why this difference is observed, it is thought that the electrostatic loop surrounding the active site channel plays a significant role in promoting substrate access to the copper active site (62) . Therefore, one possibility is that, because NAc-SNO is not a zwitterion, its access to the copper active site is hindered by an electrostatic mechanism. Another possibility is that NAcSNO breakdown is suppressed by steric factors.
The presence of S-nitrosothiols other than GSNO may also be critically relevant to neuronal survival. For example, Lipton and co-workers (24) have demonstrated that CysNO S-nitrosylates the N-methyl-D-asparatate receptor as a mechanism of modulating the flow of Ca 2ϩ into the neuron. Therefore, the fact that CysNO was completely catabolized by A4V SOD after 30 min (Fig. 5 ) may have implications for modulating the passage of Ca 2ϩ through the N-methyl-D-asparatate receptor channel. Inhibition of Ca 2ϩ flow into the cell may reduce oxidative stress and favor cell survival.
GSNO breakdown by A4V SOD was greater than WT SOD throughout the physiological range of glutathione concentrations (Fig. 3) . However, it is interesting that the most pronounced difference between A4V SOD and WT SOD occurs at ϳ125 M. Indeed, lowered glutathione levels have been associated with a number of neurodegenerative diseases, including ALS (63) . Based on our kinetics data ( Fig. 2; Table I ), a decreased concentration of glutathione in the cytoplasm of the motor neuron would be expected to accelerate S-nitrosothiol breakdown by WT SOD. These data also suggest that, in the presence of A4V SOD or G37R SOD, lowered glutathione concentrations could have an even more profound effect, resulting in critically low intracellular levels of S-nitrosothiols. Given that SOD is particularly abundant in the motor neurons (61) , this may have a negative effect on motor neuron survival.
Mutations in human SOD have been shown to alter the metal ion-binding sites (64) . In fact, the loss of copper in several ALS mutant SODs isolated from familial ALS patients has been demonstrated (65) . It has also been well established that free copper in the presence of a reductant such as glutathione is known to catalyze S-nitrosothiol breakdown (28) . With this in mind, it was our first inclination that increased GSNO breakdown by mutant SODs over WT SOD occurred due to copper release from the mutants. However, WT SOD and A4V SOD did not catalyze cleavage of the S-N bond of SNO-BSA, while incubation with 5 M free copper in the presence of glutathione resulted in almost complete S-nitrosothiol decomposition (see Fig. 4 ). This result suggests that the observed increase in GSNO breakdown by A4V SOD is not mediated by free copper released by the enzyme. Moreover, the concentration of free copper in the cell is thought to be very low, less than one atom per cell (54) . This suggests that intracellular S-nitrosothiol breakdown should be mediated by enzyme-bound copper rather than free copper. Therefore, we sought to gain insight into the mechanism of SOD-mediated GSNO breakdown.
It has been suggested that familial ALS mutations in SOD not only increase access to the copper active site (5) but may also alter the redox behavior of the protein (64) . Steric factors as well as reduction potential may play a role in the reduction of the copper active site. The fact that the breakdown profile of GSNO changes significantly when ascorbic acid (Fig. 6 ) is substituted for glutathione (Fig. 3) implies that reduction of enzyme-bound Cu 2ϩ is critical to its catalytic activity. Therefore, we sought to explore the link between reduction state and catalysis. If the difference in S-nitrosothiol catabolic efficiency were dependent solely upon access of the substrate to the copper catalytic site, then the initial rate of GSNO breakdown should not be affected by the oxidation state of the enzyme. However, as shown in Fig. 7 , this is not the case. As the time of reduction of both WT SOD and A4V SOD is increased, the initial rate of GSNO breakdown by WT SOD increases up to a limiting value of about 0.21 M min Ϫ1 while that of A4V SOD increased up to about 0.23 M min Ϫ1 . In fact, as the prereduction time increases, the difference in the initial rates of GSNO breakdown decreases, indicating that the difference in the initial rate of GSNO breakdown may be partially mediated by reduction of the copper active site. Presently, the degree to which the reduction step of SOD-mediated GSNO breakdown affects the reaction rate is not known. However, we are actively pursuing this question.
To summarize, we have found that the A4V and G37R mutations enhance the ability of the SOD to break down low molecular weight S-nitrosothiols in physiologically relevant conditions. Our data suggest that these mutations in SOD may facilitate reduction of the copper active site. This, in turn, may contribute to the increased efficiency in S-nitrosothiol catabolism. We have uncovered a previously unknown and potentially toxic gain of function caused by the A4V and G37R mutations of SOD that may have implications in the development of therapies for FALS.
